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Abstract: Supercapacitors (SCs) are promising alternative energy storage devices due to their
relatively fast rate of energy storage and delivery. Redox capacitors in the family of SCs are based on
conducting polymer (CP) or transition metal oxide electrodes. In this study, symmetric redox
capacitors have been fabricated utilizing the CP, polyaniline (PANI) as electrodes and a gel polymer
electrolyte (GPE) based on polyvinylidenefluoride (PVdF) as the electrolyte. Investigations have
been carried out to study the effect of polymerization current density of PANI electrodes on the
performance of redox capacitors. Polymerization current density was varied from 4 mA cm*
9 mA cm Zand the performance of redox capacitors was evaluated using electrochemical impedance
spectroscopy (EIS), cyclic voltammetry (CV) test and galvanostatic charge discharge (GCD) test.
EIS results showed that redox capacitor having electrodes prepared using the current density
7 mA cm * has the lowest charge transfer resistance and CV test elucidated that the same redox
capacitor has maintained around 80% of maximum specific capacity from its initial value after 200
cycles. GCD results exhibited the highest specific discharge capacity of 421.4 F g, specific power
density of 935.6 W kg ' and specific energy density of 8.0 Wh kg ' after 200 cycles for the same
capacitor.
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1. Introduction

Supercapacitors (SCs) and batteries are the state-of-the-art electrical energy storage devices.
SCs are preferable than batteries when high power density, fast charge-discharge rate and long life
cycles are required [1]. Depending on the charge storage mechanism and type of electrodes, SCs can
be classified into two categories as electric double layer capacitors (EDLCs) and redox capacitors.
EDLCs are made up of carbon-based electrodes whereas redox capacitors are having electrodes
based on conducting polymers (CPs) or transition metal oxides [2]. EDLC utilizes mainly the
separation of the electronic and ionic charge at the interface between electrode materials and
electrolyte solution. Although SCs are having high power density, still they were unable to produce
the high energy density requirement especially for the application in electric vehicles. There is a new
trend in developing hybrid SCs to find a solution to the low energy density of SCs [3,4]. Different
materials such as carbon, oxide, and metal materials, are employed in the negative and positive
electrode of hybrid SCs [5,6]. Redox capacitor provides its capacitance from faradic or pseudo redox
reactions occurring within the active materials of electrode [7]. CPs usually grow in three—
dimensional structures, introducing high porosity and roughness, which generate a large surface area
favorable for enhancing electrochemical reactions [8]. They store and release charge through redox
processes, resulting in so—called pseudo capacitance. Charging in a CP takes place throughout the
bulk volume of the polymer, not just on the surface as is the case with the materials used for EDLCs.
With this route the specific capacitance of a redox capacitor increases greatly. The fast charge-
discharge processes associated with CPs give rise to high specific power too [9]. Polyaniline (PANI)
is one of the most extensively used CPs for engineering redox capacitors [§—10]. PANI has multiple
redox states (Leucoemeraldine, Emeraldine and Pernigraniline), high doping-dedoping rates during
charging-dischargeing and good environmental stability [10]. Conditions used in the polymerization
of PANI have very high contribution to the characteristics of the resulting polymer [8—11]. The
surface structure of the electropolymerized film is affected by the conditions used for the
electropolymerization such as current density, monomer concentration and types of solvent used [12].
Hence, the conductive property of the film is expected to change due to the morphological difference
in the film [13]. In this study, the effect of polymerization current density on the performance of
PANI electrodes in a redox capacitor was investigated.

2. Materials and methods
2.1. Preparation of electrodes

The monomer aniline (Aldrich) was distilled and stored under refrigeration prior to use. PANI
films were galvanostatically electropolymerized on to commercial grade stainless steel (type 304)
electrodes using a three-electrode set up where Ag/AgCl and Pt electrode were served as reference
and counter electrodes respectively. The monomer concentration was 0.4 M and 0.5 M concentrated
sulfuric acid (H,SOs—Aldrich) was used as the oxidizing agent. It has been reported that
polymerization of aniline does not take place properly at low polymerization current densities [14].
In this study, polymerization current density was varied from 4 mA cm > to 9 mA cm > while
maintaining a charge density of 1200 mC cm > The area of deposition was 1 cm® After
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polymerization, films were rinsed with distilled water and allowed to dry. The mass of the PANI film
was 0.4 mg.

2.2. Preparation of gel polymer electrolyte (GPE)

Polyvinylidene fluoride (PVdF) (Aldrich), ethylene carbonate (EC) (98%, Aldrich), propylene
carbonate (PC) (99%, Aldrich) and sodium thiocyanate (NaSCN) (99%, Aldrich) were used as
received. EC and PC weight ratio was fixed as 1:1. Firstly,the required amount of PVdF was
dissolved in an EC, PC mixture and magnetic stirring was done. Then, NaSCN was added to the
mixture and stirring was continued. After that, the mixture was heated at 120 °C for 30 minutes. A
very thin gel polymer electrolyte film was obtained from the hot press method and they were left

overnight in a vacuum desiccator [15]. The composition of the GPE was
16PVDF/40EC/40PC/3NaSCN in weight basis [16].

2.3. Fabrication of redox capacitors

Sandwich-type symmetric redox capacitors were fabricated using two PANI electrodes. GPE
having same the area of the electrode was served the electrolyte. Structure of the redox capacitor was
in the form of PANI/PVAF:EC:PC:NaSCN/PANI. Several redox capacitors were fabricated using

electrodes prepared with polymerization current densities from 4 to 9 mA cm .

2.4. Characterization
2.4.1.  Electrochemical impedance spectroscopy (EIS)

EIS measurements of redox capacitors were taken within the frequency range from 0.4 MHz to
0.01 Hz using a frequency response analyzer (Metrohm AUTOLAB 101). Impedance data were
analyzed using non-linear least square fitting program [17]. By observing the electrochemical
impedance plots or Nyquist plots, variation of the charge transfer resistance (R) and bulk electrolyte
resistance (Ry) with the polymerization current density of PANI electrode was determined. The high-
frequency region plot and the mid frequency region of the Nyquist gives the value of R, and Ry
respectively [18].

Specific capacitance (Cgsc) of redox capacitors can be calculated using the Nyquist plot as well
as the Bode plot (plot of the real part of capacitance (C’) vs frequency). When using the Nyquist plot,
Csc was calculated using the equation,

C,=1/(2nfz"m) (1)

Here, f is the lowest frequency and Z” is the imaginary part of the impedance at frequency, f
and m is the mass of a single electrode. Using the bode, single electrode capacitance Csc was found
at the maximum C’. Relaxation time (t) was determined using the bode plot drawn between the
imaginary part of capacitance (C’’) vs frequency [19-21] using the equation,

1, =1/(2nf,) 2)
where fj corresponds to the frequency at the maximum C’’.
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2.4.2.  Cyclic voltammetry (CV) test

CV tests were performed for all the redox capacitors having PANI electrodes polymerized using
different current densities in the potential window of 0.8 V—(—0.2) V at the scan rate of 5 m Vs ' by
means of a computer controlled potentiostat / galvanostat (Metrohm- AUTOLAB 101). One PANI
electrode was served as the working electrode and the other as both the counter and the reference
electrodes. Using cyclic voltammogram, single electrode (Cs) specific capacity was calculated with
the equation,

Cye = 21dv/(mAvs) (3)

Here, [ Idv is the integrated area of the cyclic voltammogram, m is the mass of single electrode,
Av is the potential window and s is the scan rate [19-21].

2.4.3. Galvanostatic charge—discharge (GCD) test

Charge-discharge test of redox capacitors was done in the potential limits of 0.0 V to 0.4 V for
200 cycles. The maximum charge and discharge currents were set to 1.25 mA. Using the charge-
discharge curves, specific discharge capacity (C4) of the redox capacitor was calculated using the

equation,
Cq = / ©
d
m( vdt)

where, I is the constant discharge current, dt is the discharge time and dv is the potential drop upon
discharging excluding IR drop.
Specific energy density (Es) and specific power density (Ps) were calculated using equations

E=YCp (5)
and PS=E% [19-20] 6)

here, Cq1is the specific discharge capacitance, v is the charging potential and t is the discharging time.
2.4.4. Morphological study

Scanning electron micrograph (SEM) images were obtained for PANI films prepared on FTO
strips at different current densities.
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3. Results and discussion
3.1. Polymerization

Changes in the polymerization potential with the time during electro polymerization of the
PANI films with changing polymerization current densities are shown in the Figure 1.
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Figure 1. Chronopotentiograms of PANI films polymerized at different polymerization
current densities of 4 to 9 mA cm 2,

From Figure 1, it can be seen that the potential of nucleation, where the growth of PANI
occurred, is varied with current density. Higher current densities have higher polymerization
potentials while lower potentials mark the lower current densities. This may affect the surface
structure and morphology of the film. According to Wang, et al., it is expected that roughness of the
film increases with the polymerization current density [13]. Also the surface of the film deposited at
high current densities seems to be like more “grainy” [13]. Due to this occurrence the electron
movement becomes easier in the electrodes deposited at higher polymerization current densities [13].

3.2. Electrochemical impedance spectroscopy

For this type of a system impedance plot should consist of three main regions [22]. They are
high frequency region, mid-frequency region and low-frequency region. The characteristics of the
electrolyte are shown in the high frequency region by a semi-circle. Mid frequency region represents
charge transfer resistance at the electrode/electrolyte interface and the Warburg diffusion. The
capacitive properties become dominant at low frequencies and hence, low frequency region in the
impedance plot illustrates the capacitive behavior with a spike. If the device shows a proper
capacitive behavior, the corresponding spike is parallel to the imaginary axis of the impedance plot.
In practical, this does not happen commonly due to several problems such as electrode surface
roughness and irregularities of the electrodes. In the resulting impedance plot in Figure 2, the high
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frequency semi-circle was not present. It may be due to the unavailability of required high-frequency
region in the frequency response analyzer used. The steep rising response of impedance
measurements in the very low frequency region is an indication for the capacitive behavior of PANI
electrodes. The resulting line is not perfectly parallel to Z” as for a typical capacitive behavior. It
may be due to the surface roughness as well as non-uniform active layer thickness [23].
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Figure 2. Nyquist plots within the frequency range 0.4 MHz to 0.01 Hz for the
PANI/GPE/PANI redox capacitors fabricated using electrodes prepared with different
polymerization current densities.

Table 1. Changes in the charge transfer resistance (R.) of PANI electrodes with the
polymerization current density.

Current densi‘cy/mA-cmf2 R./Q
4 4.0
5 3.5
6 3.2
7 2.7
8 5.7
9 5.9

According to Figure 2 and table 1, it is clear that the R, has decreased with the increase of the
current density up to 7 mA cm >, After that it has started to increase with the increment of the current
density. This contradicts the conclusion of Wang, et al. [13]. According to them, films with higher
current densities provide easy pathways to electrons to move. Based on the results obtained in this
study, it can be mentioned that up to a certain current density electron movement follows the increase
of current density as reported by Wang et al. [13]. However, there is a limiting current density for
this behavior and beyond that it would fade.

Figure3 (a) and (b) are the resulting bode plots drawn between the real part of the capacitance
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(C)) vs frequency and imaginary part of the capacitance (C ) with frequency.
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Figure 3. (a) and (b) Resulting bode plots of redox capacitors with respect to different
current densities used for polymerization of PANI electrodes.

Single electrode capacitance (C sc) values and the calculated relaxation time (r) with respect to
different current densities are given in the table 2.

Table 2. Change in single electrode capacitance and relaxation time with the
polymerization current density.

Current density/mA cm > C/mF cm > /s
4 73.8 0.308
5 74.6 0.292
6 80.7 0.218
7 82.7 0.193
8 68.5 0.312
9 57.1 0.447

Low values of t suggest speedy redox reactions resulting quick ion transfer taking place
between electrodes and electrolyte [24].

3.3. Cyclic voltammetry test

Cyclic voltammograms obtained for redox capacitors with PANI electrodes polymerized using
different current densities and cycled in the potential window of —0.2 V to 0.8 V are shown in Figure
4.
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Figure 4. Cyclic voltammograms of PANI/GPE/PANI redox capacitors having PANI
electrodes polymerized with different current densities. Scan rate 5 mV s ™.

It shows peaks correspond to both the cathodic and anodic cycles as a result of redox processes
that take place in the redox capacitor.

The electrode morphology has a considerable impact on the electrochemical behavior of
PANI [6]. This is the reason that the shapes of the cyclic voltammograms for similar PANI
electrodes reported in the literature are significantly different. While some exhibit three well-defined
redox states [25,26], others show a single state [27,28].

Single electrode specific capacity variation over 200 continuous cycling of redox capacitors
having PANI electrodes prepared with different polymerization current densities is given in table 3.

Table 3. Single electrode specific capacity (Cy) of the redox capacitors with respect to
polymerization current density of PANI electrodes calculated from the cyclic

voltammograms.
Polymerization current C./F gf1 Cy/F gf1
density/mA cm* First cycle After 200 cycles
4 557.9 426.9
5 579.9 445.8
6 620.5 489.0
7 659.2 524.0
8 550.8 400.0
9 532.0 337.1

Results show that specific capacity increases up to a peak value with the increment of
polymerization current density and starts to reduce with the further increase of the current density.
This may be due to a change in the morphology of the PANI electrode after a certain value of the
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polymerization current density which affects to the redox reactions that take place between PANI
electrode and the GPE. This variation tallies with the results obtained with EIS. Degradation of the
capacity was observed with the cycle number. This may be due to lack of full reversibility and less
cycling efficiency as a result of side reactions. However, compared to others, redox capacitor with
PANI electrodes of 7 mA cm > current density has maintained around 80% of specific capacity
retention from its initial value after 200 cycles.

3.4. Galvanostatic charge-discharge test

Figure 5 shows the continuous charge discharge curves of 7 mA cm * current density PANI film
based redox capacitor and it proves that good stability has been maintained over 200 cycles. Near
linear and symmetric charge and discharge curves within the potential window of 0 V and 0.4 V
suggest a good capacitive performance with a rapid -V response [29]. Also, symmetric charge
profile suggests a pseudocapacitive characteristic and good capacitive behavior of the electrodes [8].
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Figure 5. Galvanostatic charge-discharge curves of redox capacitor having PANI
electrodes prepared with 7 mA cm ~ polymerization current density.

Energy efficiency of the redox capacitors with the change in the polymerization current density
of PANI electrodes were calculated using the equation

n=E,/E, [30] ©)

where Eg4 is the discharged energy and E, is charged energy.

Table 4 shows the comparison of the specific discharge capacity, specific energy density,
specific power density, and energy efficiency after 200 continuous galvanostatic charge-discharge
cycling of redox capacitors having PANI electrodes made with different polymerization current
densities. Highest specific discharge capacity of 421.4 F g, specific energy density of 8.0 Wh Kg '
and specific power density of 935.6 W kg ' values were recorded for 7 mA cm > current density
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PANI films based redox capacitor. Maximum specific capacity value obtained in this study is higher
than the reported values in the range of 80250 F g ' [10,31,32]. It was observed that when the
current density was increased from 4 mA cm * to 7 mA cm 2, energy efficiency increased by 18.8%
and the maximum value of 85.0% was recorded by the capacitor with 7 mA cm > current density
PANI films. With the further increase of current density up to 9 mA cm > energy efficiency was
reduced by 24.8%.

Table 4. Comparison of specific discharge capacity (C,), specific energy density (Es),
specific power density (Ps), and energy efficiency (y) of redox capacitors with the
variation of the polymerization current density of PANI electrodes.

Polymerization

current density/mA cm CiFg’ Es/Whkg™ P/Wke 0%
4 306.0 4.4 699.1 66.2
5 324.4 5.5 775.1 70.0
6 358.8 6.5 840.5 76.3
7 421.4 8.0 935.6 85.0
8 281.0 4.0 610.2 63.4
9 270.4 559.3 3.2 60.2

3.5. Morphological studies

Figure 6 shows the SEM images of PANI films fabricated with the polymerization current
densities of 4, 7 and 9 mA cm 2.

It can be seen that all samples are having porous structures. Fig 6 (a) and (b) are composed of
nanofibers. With the polymerization current density, the quantity of these nanofibers increases,
whereas their diameter decreases. This may be due to the fact that aniline is easier to be oxidized into
radical cations at higher potential caused by larger current density, resulting in more nuclei,
supporting the grow of nanofibers during the next polymerization [33]. Further increase of current
density to 9 mA cm™ resulted a film with less porous flake type morphology Figure 6 (c)
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Figure 6. SEM images of PANI films synthesized at different polymerization current
densities: (a) 4 mA cm 2, (b) 7 mA cm 2, (¢) 9 mA cm .

PANI film prepared with 7 mA cm > current density has comparably more fibril nature on
surface than that of other PANI samples. It is reported that having fibril form morphology is
desirable for electrode materials of redox capacitors, as it may provide a large electrochemical
surface area that enables the effective and rapid access of electrolyte [34].

Therefore, compared to other current densities, performance enhancement of PANI films
prepared with 7 mA cm > current density can be attributed to this change in morphological, structural
and electrochemical properties.

4. Conclusion

Redox capacitors based on PANI electrodes were fabricated by varying polymerization current
density and the effect of the polymerization current density on the performance of the redox
capacitors was investigated. Electrochemical impedance spectroscopy showed that redox capacitors
have capacitive behavior and low relaxation time which suggests that redox reactions are taking
place very quickly. Minimum charge transfer resistance occurs with the redox capacitor fabricated
with the electrodes polymerized using a current density of 7 mA ¢cm >. Cyclic voltammetry studies
showed good reversibility of the electrochemical system and 80% of specific charge retention of its
initial value was recorded for redox capacitor with 7 mA cm polymerization current density.
Continuous charge discharge test for 200 cycles also proves that redox capacitor with electrodes
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polymerized using 7 mA cm ” current density showed the highest performance with specific
discharge capacity of 421.4 F g ', specific energy density of 8.0 Wh kg ', specific power density of
935.6 W kg ' and energy efficiency of 85.0%. Morphological studies confirmed the results of the
other tests. It can be concluded that higher polymerization current densities enhance the performance
of the PANI redox capacitor but there exists a peak value beyond that performances fade with the
further increment of the current density.
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